The present work presents a theoretical modeling of a real reverse osmosis (RO) plant from the hydrodynamic point of view. Mathematical models for all elements of the plant have been developed including; booster pump; hydraulic filters; axial piston pump (high pressure pump); RO membranes; hydraulic accumulator; reject header, and throttling valve. These models have been simulated using SIMULINK 4 in MATLAB 6.1 environment. The pressure fluctuations of the axial piston pump have been determined theoretically with and without using hydraulic accumulator in the plant system at different flowrates and at different seawater salinities. Theoretical investigations have been performed to predict the dynamic characteristics of the plant axial piston pump and the RO membrane performance under normal and abnormal operating conditions. Experimental investigations have been introduced in part 2 of this paper to verify the theoretical model. The verified simulation model has been used to present a proposed operational chart for the investigated desalination plant in case of working under different seawater salinities and at different temperatures.
Coefficients for a given pump, impeller geometry and speed,(k 1 (m), k 2 (s/m 2 ), and k 3 (s 2 /m 5 )). k 4 The friction coefficient of multi media filter porous media, (N.s/m 5 ). k 5 The friction coefficient of multi media filter vessel, (N.s 2 /m 8 ). k 6 The friction coefficient of carbon filter porous media, (N.s/m 5 ). k 7 The friction coefficient of carbon filter vessel, (N.s 2 /m 8 ). k 8 The friction coefficient of cartridge filters element, (N.s/m 5 ). k 9 The friction coefficient of cartridge filter vessel, (N.s 2 /m 8 ). k d1 Stiffness of moving parts at seat of delivery valve (N/m). k d2 Stiffness of moving parts at limiter of delivery valve (N/m). k di Delivery Valve spring stiffness (N/m). k S1 Stiffness of moving parts at seat of suction valve (N/m). k S2 Stiffness of moving parts at limiter of suction valve (N/m). k Si Suction valve spring stiffness (N/m). L Connecting rod length (m). m di Delivery valve disc mass (kg). m Si Suction valve disc mass (kg). n Pump revolutions per second, (rps). N A The salt flux N E Number of elements in system n e Number of elements in series. p Discharge pressure, (Pa). P 1 Minimum working pressure, (Pa). P 2 Maximum working pressure, (Pa 
INTRODUCTION
Desalination means the removal of fresh water from saline water. Desalination as a natural phenomenon has occurred on earth for millions of years, the natural distillation cycle of water occurs by evaporation of seas and oceans then condensation to form the pure rainwater. This cycle is probably the most obvious example of desalination process (Hanbury, 1993) . The other desalination phenomenon that occurs in nature is the freezing of seawater near the polar region. The ice crystals formed are pure water, the salt being excluded from participation in the crystal growth. Desalination has been practiced in the form of distillation for over 2000 years. It is not until the eighteen century, for people to recognize that the distillation process could be enhanced by cooling the condensing surface.
Many methods have been proposed for desalting saline water, but few were commercially used. The two most popular methods for classifying the well-known desalination processes are as follows:
• In 1965, the UCLA team installed the first municipal reverse osmosis plant in Coalinga, California. The plant was desalting water containing 2,500 ppm (part per million) salts, to producing about 20 m 3 /day with a tubular cellular acetate membrane. The development of the tubular, spiral-wound, and hollow-fine-fiber modules together with the development of the polyamide membranes took place from [1965] [1966] [1967] [1968] [1969] [1970] . Through the 1980s, improvements were made to these membranes to increase water flux and salt rejection with both brackish water and seawater. Brackish water is water that contains dissolved matter at an approximate concentration ranges from 1,000 -5,000 ppm. Seawater distillation plants dominated the early desalination planets. However, due to lower energy requirements, a desalination process called reverse osmosis, RO, now appears to have a slightly lower cost than distillation for seawater desalination. For brackish water desalination, RO and another desalination process called electrodialysis, ED, are both competitive. Other desalination technologies are less widely used due to their rudimentary development and/or higher cost. However, there is no single desalination technology that is considered ''best'' for all uses. The selection of the most appropriate technology depends on the composition of the feed water (prior to desalination), the desired quality of the product water, and many other site-specific factors (Al-Shayji, 1998). Permeate flux and salt rejection is the key performance parameters of a reverse osmosis process, where, permeate flux is the rate of permeate transported per unit of membrane area measured in liter per square meter per hour (liter/m 2 .h). Salt rejection is the percentage of solids concentration removed from system feed water by the membrane. Permeate flux and salt rejections are mainly influenced by varying the following operation parameters: pressure, temperature, recovery, pH, and feed water salt concentration.
In this paper, simulation of RO seawater desalination system is introduced to investigate the dynamic behavior of the high pressure pump and the performance of the RO membrane.
MATHEMATICAL MODELING AND SIMULATION
To simulate the operation of a water desalination plant of RO process, a mathematical model has to be developed. The governing equations, which characterize the performance of RO system components, have to be investigated. The components of RO plant under study are shown in Fig. 1 . It consists of a pre-treatment unit and a high pressure unit. 
Mathematical Model of Pre-Treatment Unit
It consists of a booster pump of centrifugal type at which its head depends on the delivered flowrate at constant revolutions, and a filtration group that consists of three filters (multi-media filter, activated carbon filter, and cartridge filter). The booster pump characteristic equation (Euler's head versus flowrate) is developed from the energy equation by considering the effect of using finite number of vanes, as well as the effect of hydraulic losses in the flow passages (Cherkassky, 1985) and (Stepanoff, 1967) .
Characteristic equation of the booster pump
The pump is of fixed impeller geometry working at constant speed; its characteristics expressed in the following form: For multi-media filter: For activated carbon filter:
For cartridge filter: 
Mathematical Model of High Pressure Unit
The high pressure unit consists of the high pressure pump, and the RO membrane. The installed high pressure pump in the RO plant is of piston type, and RO membrane is of spiral wound type.
Characteristic equation of the high pressure pump
The high pressure pump is a positive displacement pump of axial piston type. The reciprocating motion of the piston gives fluctuating flowrate and pressure. The pistons are the main source of flow fluctuations which is due to the overlaps of fluid discharge from more than one piston into a single exit port of the pump. Fig. 2 . shows one of the pump cylinders which includes piston, stuffing box, inlet and outlet valves, and manifolds, (Wheatly, 1996) . Detailed description of the piston pump, technical specifications and main dimensions of the pump used in the RO desalination plant are introduced in Ref. (Seoudy, 2003) , App. (B-2). The input flow rate of high pressure pump equals the exit flowrate from the filters. The characteristic equation which represents the flowrate of the pump may be determined as given in Cherkassky,1985 , and Karassik, 1999 as follows:
Performance characteristic of the piston pump depends on many independent parameters. The most important parameters is the volumetric losses, which is affected by: leakage, incomplete filling, aeration, and cavitation. When handling liquids of lowviscosity, there are volumetric losses in the pump delivery due to leakage between the stationary and moving parts. The actual pump capacity at any particular pump speed and fluid viscosity is the difference between the theoretically displaced volume and the losses due to leakage. Viscosity, µ, pressure, p, clearances, c, and speed, n, are the major factors that influence volumetric losses. Pump volumetric losses are function of (p.c 3 /µ), incomplete filling, and cavitations effect, (Karassik, 1999) . The pump operates with a positive pressure in the suction line, therefore assuming complete filling of the pump, and no cavitation occurrence. The volumetric losses could be expressed as introduced in (Karassik, 1999) 
⋅ − =
In order to study the dynamic performance of the high pressure pump, the equations governing the fluid motion inside the piston chamber should be derived. The piston chamber is composed of four parts, the piston, the suction valve, the delivery valve, and the chamber, as shown in Fig. 3 .
a) Piston:
The pump flow rate for five pistons results from the superposition of the volume rate of liquid drawn by each piston with (2π/5) angle shift for each piston, 
Seat and limiter reaction forces
The moving parts move up and back to the valve seat following the change in pressure fluctuations. At the valve seat the direction of the motion is limited mechanically by the MP Proceedings of the 13 th Int. AMME Conference, 27-29 May, 2008 valve body material and results in development of a counter seat reaction force. The seat reaction force could be written as follow:
At the other direction of motion the valve is limited mechanically by a limiter, the limiter reaction force could be written as follow:
• Flowrate through the valve
Seat and limiter reaction forces:
The delivery valve seat reaction force could be written as follow:
where: k d1 : Stiffness of moving parts at seat of delivery valve (N/m); f d1 : Delivery valve seat damping coefficient (N.s/m).
The limiter reaction force could be written as follow: ( )
The pump delivery flowrate is given by: • Continuity equation applied to piston chamber:
The continuity equation applied to the control volume CV1 in the piston chamber as shown in Fig. 6 could be written as follow: Fig. 6 Piston Chamber e) Characteristic equation of the accumulator A diaphragm accumulator utilizes a gas (nitrogen) in storing the hydraulic energy. The diaphragm accumulator is charged by the water from the hydraulic circuit when its pressure increases and thus, compresses the gas side of accumulator. It discharges the water to the circuit when its pressure decreases by the expansion of the gas. Fig. 7 shows the accumulator assembly.
•
Continuity equation applied to the accumulator:
The continuity equation applied to the control volume CV2 as shown in Fig. 11 , could be written as follow: • Ideal gas law The diaphragm accumulator may be considered to follow the ideal gas laws. Fig. 8 shows the working phases (a) precharged, (b) minimum working pressure, (c) working pressure, and (d) maximum working pressure. The state equation (ideal gas law) applied on the accumulator, assuming isothermal polytropic process, could be written as follow:
• Accumulator flowrate, Q a The accumulator flow rate could be written as follows: Fig. 8 Accumulator working phases
f) Characteristic equation of the throttle valve
Throttling valve is used to control the pump delivery pressure. Fig. 9 shows the throttle valve assembly.
• Flow rate through throttle valve 
+ =
The pressure loss in feed header may be considered as local losses type. The losses in pressure could be neglected w.r.t. the operating pressure of the system.
R.O. Membrane
The pump exit flowrate enters the membrane unit and exits in two passes, the permeate flowrate and the brine (concentrate) flowrate. Construction of a single membrane element is shown in Fig. 11 . Detailed manufacturing description, water flow directions, technical specifications, and main dimensions of the membrane element used in water desalination plant are introduced in Ref. (Seoudy, 2003) , App. (B-3).
Fig. 11 Construction of a single membrane element
The feed header distributes the feed water from the high pressure pump to the membrane. The feed water is divided inside the membrane into two passes, the 1 st is the permeate water pass and the 2 nd is the concentrate water pass. The equations that describe the feed header and membrane could be written as follows: The membrane elements are arranged as two parallel elements with two series elements for obtaining the most water treatment performance. Each two series element is placed in one pressure vessel as shown in Fig. 12 . The performance of a specified R.O. membranes are defined by the feed pressure, or by the permeate flow if the feed pressure is specified, and by the salt passages. Fig. 12 Arrangement of membrane elements
In simplest terms, the permeate flow Q p through an R.O. membrane is directly proportional to the wetted surface area, S, times the net permeation driving force (∆p-∆π) (Dow, 1995) . The proportionality constant is the membrane permeability coefficient. Fig. 13 shows the pressure distribution in the membrane and how it affects the permeate flowrate. The membrane performance is the total system The permeate flowrate out of the membrane is given by the following equation:
The detailed determination of the driving pressure, the average membrane permeability, the temperature correction factor, and the fouling factor for a deferential element, is introduced in Ref. (Seoudy, 2003) .
b) Concentrate flowrate
The concentrate flowrate out of the membrane could be calculated from the following:
Reject header and throttling valve
The rejection header collects the reject water from the output (high pressure side) of the membrane to pass through the throttle valve. The throttling valve controls the feed pressure at the membrane entrance. The equations that describe the reject header and throttling valve could be written as follows: The delivery flowrate exit from the membrane enters into the throttle valve. The throttle valve flowrate could be written as follow:
The pressure loss in reject header may be considered a local loss which could be neglected relative to the operating pressure of the system. 
VALIDATION OF PLANT SIMULATION MODEL
To validate the programmed simulation model of RO plant including a high pressure piston pump and RO membranes, the theoretical results have been compared with experimental measurements on a real desalination plant (introduced in part 2 of this paper) beside some published results for RO membranes. 
Validation of Piston Pump Simulation Program
The piston pump pressure fluctuations have been determined theoretically from the developed simulation program and compared with the corresponding experimentally measured pressure fluctuations at different pump operating pressures. The pressure signal frequencies and amplitudes are almost the same at all pump pressures as shown in Fig. 20 and Fig. 21 . The experimental signal has ripples; this may be related to fluid flow throughout, pipes (fixation, connections), and other mechanical elements.
Comparison between the experimental and the theoretical results for different cases of operation are presented as follows:
A. Piston pump with an empty accumulator B. Piston pump without accumulator Therefore, the derived simulation models could be used for more theoretical investigations for the pump behavior at proposed conditions to save practical investigation costs and time. 
Validation of RO Membrane Simulation Program
The validation of the RO membrane simulation program has been done by comparing the present theoretical results of simulation program with both of experimental work introduced in part 2 of this paper and of some published results as follow:
A. Comparison of simulation and experimental work
Figures from 22 to 24 show the comparison of the permeate flowrate and salt rejection results from the present theoretical model and from the experimental measurements of the three different salinities (21000 ppm, 28900 ppm, and 33000 ppm). The experiments have been performed at feed pressures ranges from 30 to 65 bar using two by two arrangements of membrane, Film Tec SW30HR-380 elements; seawater spiral wound membrane.
(feed pressure vs permeate flow) (feed pressure vs salt rejection) 
